Pulse radiolysis experiments monitoring optical absorbance as well as conductivity and in-situ ESR radiolysis studies show that the OH radical reacts with the enol (k = 8.6 x 10 9 M _1 s _1 ) and the enolate (k = 7.4 X 10 9 M _1 s -1 ) forms of acetylacetone by addition to the C = C double bond in aqueous N2O saturated solution. The OH reaction with enol leads to equal amounts of two radicals, CH3COCHOHCOHCH3 (2) and CH3COCHC(OH)2CH3 (4), as determined by scavenger reactions. At pH less than 1 the radical CH3COCHCOCH3 (1) is observed by ESR spectroscopy showing that radical 2 and/or 4 eliminate water by proton catalyzed reactions. Under alkaline condition the OH adducts to the enolate eliminate OHwith rate constants larger than 10 5 s -1 leading to radical 1. G(OH") is determined to be 5.6 showing that addition is the main reaction of OH with enolate. To a much smaller degree the OH radical is proposed to abstract an H atom from that CH3 group which is attached to the C -C double bond in enol and enolate, producing substituted allyl radicals which absorb in the visible region. The reaction of OH with the keto form has not been observed indicating that the rate constant of this reaction is significantly smaller than those with enol and enolate.
Introduction
2,4-Pentanedione (acetylacetone -AA) has been widely investigated mainly due to the interest in its keto-enol tautomerism as well as its chelating ability. In aqueous solutions AA may be expected to react easily with OH, H and e~aq, the products of water radiolysis, its carbonyl oxygens being likely to scavange the solvated electrons and the double bond in enol and enolate presenting a potential site of addition for OH radicals. However, until now, only one work concerning the reaction rates of H-atoms with acetylacetone [1] and another one dealing with steady-state radiolysis of its cobalt complexes [2] have been published. In order to better understand the radiation chemistry of metal complexes of acetylacetone, it was considered important to investigate the radiation chemistry of uncomplexed acetylacetone in aqueous solution. The present paper contains an investigation of the reaction of OH radicals with AA as a function of pH.
Experimental
The optical absorbance and conductance measurements were carried out using the pulse radiolysis set-up described previously [3, 4] . Dose rates were between 120-1500 rad/^s, as measured by KCNS or tetranitromethane dosimetry. The extinction coefficient of (CNS)2~ was taken to be 7100 Mr 1 x cm-1 and in the N20 saturated solution G(OH) = 6.0.
The in situ radiolysis ESR measurements were carried out using the method described by Eiben and Fessenden [5] . ESR experiments with photolytic generation of radicals were performed as described earlier [6, 7] . The magnetic field measurements were made with an NMR unit and a frequency counter. Coupling constants and g-factors are estimated to be accurate to 30 mG and to 5 x 10 -5 respectively.
Solutions were prepared using analytical grade acetylacetone (vacuum distilled) and sixfold distilled water. Other reagents were of analytical grade and used without further treatment. All experiments were performed at room temperature in N20 saturated solutions. In all figures the optical density (O.D.) always refers to 1 cm path length.
Results

Properties of aqueous solutions of acetylacetone
Acetylacetone, (AA), exists in aqueous solutions in three different forms: ketone (AAK) H3C-CO-CH2-CO-CH3, enol (AAE) H3C-CO-CH=COH-CH3 and enolate (AAE~) H3C-CO-CH=CO--CH3.
The equilibrium between these forms depends on temperature and pH. AAK and AAE~ have open chain structures, whereas the two oxygens of AAE are bound by a hydrogen bridge to form a ring
The equihbrium is usually presented in the following form AAK AAE AAE-+ H+ (1) though works of Eigen and co-workers have shown that it is in fact a far more complex one, including direct transformations between AAK and AAE~ [9, 10] . The rate constants of the reactions involved in reaction (1) as well as the rate constants of analogous reactions with OH -have also been determined [9] [10] [11] . The pKa of AA has been measured by numerous authors to be 8.8-9.1 [12] [13] [14] [15] , This overall value corresponds to the AAK^±AAE~ equilibrium. The pKa for the AAEAAE" equilibrium has been calculated as 8.13 [12] and 8.16 [13] . The experiments to determine the pKa have usually been performed spectrophotometrically since the optical properties of AAK, AAE and AAE -differ considerably.
In aqueous solutions AA absorbs only in the UV. At pH <7 we found a broad and flat band with ^•max -274-278 nm. The extinction rises rapidly on increasing the pH above 7 and Amax is shifted to 294 nm. The extinction reaches a limiting value at pH ~ 10.5 and remains constant to pH = 12. The spectrophotometrically observed pKa of AA was found to be 8.8 ± 0.2. All these data are in excellent agreement with those of other authors [12] [13] [14] [15] , and it can be assumed that at pH >10 practically all AA is present as AAE -, whereas at 1 <pH <7 only AAK and AAE exist.
AAK and AAE are known to absorb in the same wavelength range and to differ in extinction coefficients. Grossmann [16] estimated as about 100 M" 1 x cm-1 and Hammond et al. [17] the as about 11,000 M" 1 x cm" 1 . We measured the O. D. of AA at 276 and 294 nm in buffer solutions of pH = 7, 8 and 9. Using pKa(AAE) = 8.145 (mean of the literature data [12, 13] and mole fraction IAAE = 0.16 [13] we calculated the concentration of AAK, AAE and AAE~ at those pH-values, by resolving a set of three linear equations of the type
A solution of these equations is possible if it is assumed that e™K is as small as estimated by Grossmann [16] at 270 nm. Applying = 100 M-1 x cm-1 we obtained = 4860 M-1 x cm-1 and 4 7°e = 10,800 M _1 X cm- 1 . As a control, the value £AAE~ was calculated to be 20,600 M" 1 x cm-1 , which is in sufficient agreement with the measured value of e = 21,400 M" 1 x cm-1 .
The stability of AA in aqueous solutions depends on pH. We found that at pH < 8 AA is stable for at least 24 h and at higher pH's the 0. D. slowly decreases. At pH ~ 11 this decrease does not exceed ca. 2% within ca. 3 h, i.e. the time necessary to perform the pulse radiolysis experiments. A complete disappearance of the AAE -absorption within a few minutes after mixing AA with 5 M NaOH was observed without production of any absorption in the near UV. These phenomena are probably due to the well known base catalysed decomposition of AA to yield acetic acid/acetate and acetone [18, 19] .
Reactions of OH with Acetylacetone a) Optical studies
By pulse irradiating the N20-saturated aqueous solutions of AA at pH 5.1 and 10.4, the change of absorption obtained at the end of the pulse (A <310 nm) is shown in Fig. 1 . In Fig. 2 Only the results recorded at extreme pH's are displayed, those obtained at intermediate pH's are superpositions of the spectra at extreme pH values. Fig. 1 illustrates the removal of the AA absorption right after the pulse. The optical density at X < 310 nm changes with time and shows a slow build-up of the original absorption which proceeds at the same rate as decay of the conductivity. This process will be described in a separate paper. Fig. 2 presents the spectra of some reaction intermediates. The absorption at X > 310 nm decays within ca. 2 ms without producing any long-hved absorption observable between 265-800 nm. At 250-265 nm a nm(X) build-up of a new absorption in ca. 200 jus could be seen. Decay, as followed at 330-340,430 and 560 nm, proceeded in a mixed reaction order, which were not possible to resolve in terms of two first-order or one first-and one second-order reactions. The G-values of the removal of AA have been measured using the e values described earlier in this paper. The results are shown in Table I . (Table I) . Both AAE values are smaller than the yield of OH(G = 6.0). These differences are probably due to the errors in the estimation of £AAE. The assumption that reaction between AAK and OH radicals is negligible is in agreement with information on reactions of OH radicals with aliphatic ketones obtained by other investigators [20] , who observed that addition to the C=C double bond is much faster than addition to C=0 or abstraction of H from ketones. At pH 6.4 the rate constants for the reaction of OH with AA were determined by competition with tert-butanol in N2O saturated solution taking the rate constant of OH -f tertbutanol as 5.2 X 10 8 M~i s" 1 [20] . The obtained rate constant for overall reaction was corrected for the concentration of AAE present in the solution and the obtained value was (8.6 ± 1) x 10 9 M" 1 s" 1 . At 7 <pH <10 reactions of OH with both AAE and AAE -, and at pH > 10 only with AAE" could be observed. The rate constant k(OH + AAE~) was measured at pH > 10 by direct observation at X = 294 nm and a value of k = (7.4 ±0.6) x 10 9 M" 1 s-1 was obtained.
b) Conductivity measurements
Solutions irradiated at 7 <pH <10 showed a fast increase in conductivity within the pulse duration, followed by a decrease and production of a permanent conductivity increased with pH up to pH =10. At pH >10 the conductivity produced during the pulse did no longer decrease and only permanent conductivity could be observed. The permanent conductivity increase is due to an increase in [OH -] (formation of H + would have lead to a decrease of conductivity), and G(OH-)-values have been calculated. G(OH~) at the end of pulse are plotted vs pH of solution (Fig. 3) . In the same figure optical densities at X = 294 nm (O. D. 294 ) are plotted as a function of pH. G(OH~) in conductivity measurements has been calculated assuming that the mobihty of AAE" is 60 cm 2 x X M" 1 . This assumption is based on mobihties of isomeric pentenoic acids (C5H7O2 -), published by Ives et al.
[21] as 60 cm 2 x Q~l X M-i.
It may be seen from Fig. 3 that the production of OH -(curve 1) increases with increasing pH. Since within 4 <pH <10, G(OH) is constant in the N20 saturated solution, the reason for the change of measured conductivity values should stem from a change of the nature of the substrate reacting with OH. The apparent pK values calculated on the basis of data on Fig. 3 were 7.8 ±0.3 (absorbance) and 8.2 ±0.3 (conductivity), practically identical with pK = 8.1 obtained for the AAE^±AAE~ equilibrium [12, 13] . Therefore, one can safely conclude that the increase in conductivity corresponds to the increase of the AAE -concentration and that the reaction of OH with AAE -leads to the formation of OH -.
The mean value of G(OH~) at highpH corresponds to G(OH~) = 5.6 ± 0.5, and indicates that at this pH nearly all OH radicals are converted into OH -.
The results of optical absorbance and conductivity measurements, described above, allow us to assume that: i) OH radicals do not react with the keto form of acetylacetone in aqueous solution to a measurable degree due to the unavoidable presence of the enol form. ii) OH radicals react with both enol and enolate with diffusion controlled rates. Most of the OH radicals add to the C=C double bond which leads to changes in optical absorption.
iii) OH radicals react with enolate to produce OH -.
c) ESR measurements
Two sets of experiments were undertaken, in-situ radiolysis and in situ photolysis of AA solutions, in the latter case with addition of H2O2. The hyperfine constants and g-factors of radicals obtained in solutions at various pH's are summarized in Table II .
As may be seen from Table II , in acidic solutions at pH < 1 in both radiolysis and photolysis experiments the same spectrum was obtained. This spectrum, consisting of a septet of a doublet with hyperfine constants of 18.5 and 0.25 G respectively, was assigned to radical 1. Similar splittings, (18.6 and 0.3 G), and assignments have been reported for the radical obtained by oxidation of AA with Ce(IV) [22] and 17.9 and 0.3 G in solution of AA at pH = 1 by addition of TiCl3 and ~H202 [23] . The relatively high g-factor obtained for radical 1, g = 2.00535, indicates that the unpaired electron is conjugated to two keto groups, conjugated mono-keto radicals being known to have g-factors around 2.0042 to 2.0045 [24] .
In the radiolysis experiments the spectrum of radical 1 is only observed at pH < 1 and at pH between 7 and 9. At the latter pH range we did not detect radical 1 in the photolysis experiments where some unidentified spectra were obtained. This lack of detection of radical 1 may be due to the decrease of the OH yield when photolyzing H202 solutions at pH > 7.
The existence of radical 2 has been observed by Edge et al. [23] , who oxidized AA at pH = 5 in a solution containing 2 X 10~2 M TiCl3, 3.3 X 10 -2 M H2O2 and 10" 1 M AA. However, under our experimental conditions this radical was not observed. The radical 2 is a primary product of OHaddition to the double bond and it may be that chemical generation [23] produces a higher concentration of this species than the techniques utilized in our experiments. The alternative radical 4, with OH radical added to the C-2 instead of to the C-3 position was also not observed. Above pH =9, in both radiolysis and photolysis experiments, radical 1 was not observed any more instead other radicals appeared (probable reasons are discussed below). Among several signals from products, those responsible for the radical CH2COO -(3) were identified in the photolysis experiments, where the spectrum obtained consisted of a triplet with splitting of 21.2 G and g = 2.00322. The hyperfine constant and g-factor of radical 3 agree well with those reported in the literature [25] . 
Table II. ESR coupling constants (in Gauss
)
Discussion
Reaction of OH with AAE and AAE~
The chromophoric group of AAE and AAE -are -CO-CH=COH-and -CO-CH=CO -, respectively. Since OH radicals are not known to attack the carbonyl group, destruction of the chromophoric group in AAE and AAE - (Fig. 1) should proceed either via addition to the double bond, or via H atom or electron transfer to OH. H atom transfer from the OH group is not very likely to occur in comparison to H abstraction from C-H. Also e -transfer is not probable. Actually, the only evidence we were able to trace in the literature showing a process of electron transfer fast enough to compete with addition to a carbon double bond, was published by Karmann et al. [26] and concerns reaction between OH radicals and HO(CH2)2S~ H abstraction at the central CH group is not very likely since this C-H bond is deactivated by the neighbouring keto group and by the C=C double bond (vinyl position). Abstraction at the methyl group located at the keto group is also not hkely in view of the low reaction rate constant for H abstraction from acetone. H abstraction at the methyl group located at the C=C double bond is a possibihty since abstraction at this position leads to allyl radicals and indeed this reaction occurs, however, only to a small extend as is discussed further below. Since the only alternative to addition is the H abstraction at the allylic position and the rate constant for the reaction of OH with AAE and AAE -corresponds approximately to diffusion controlled reaction rates, it can be suggested that the primary reaction of OH with AAE should be mainly addition to the double bond. There are two possible sites for the CH addition to AAE (reaction (2))
Whereas radical 2 may be expected [27] to be a reducing species [28] , radical 4 should be an oxidizing one [29] . Similar species could be produced in reaction between OH and AAE -(reaction (3)). In order to determine a of reaction (2) we have pulse-irradiated N20-saturated solutions of ca. 3 X 10 -3 M AA at pH = 6.4 in the presence of (1-3) X 10 -4 M tetranitromethane (TNM), and at pH = 8.1 in the presence of 2 x 10 -4 M dimethylp-aminophenol (DMAP) and measured the G-values of trinitromethane anion (350 nm, 15,000 M -1 X cm -1 [28] ) or p-dimethyl-aminophenoxy radical (490 nm, 7000 M -1 x cm -1 [30] ). In the former case radical 2 was expected to reduce TNM and in the latter radical 4 to oxidize DMAP. In this way the G-values of radical 2 and 4 should be obtainable.
The results indicate that the probabihties of OH radical addition to C-2 and C-3 positions in AAE are equal (a «0.5).
The structure of the radicals 2, 4, 5 and 6 cannot explain the absorption observed in the visible spectrum at the end of pulse (Fig. 2) . These spectra have to be explained on a different basis. In competition to the addition, OH may abstract a H atom at the allylic C-H of AAE and AAE -(eq. (4)). It is known that in such cases H abstraction by OH radicals competes with the addition to the double bond [31] . The produced radical has a larger n resonance system than the starting material which easily explains the absorption in the visible region. We suggest, therefore, that the absorption in the visible is due to radical 7 in the case of AAE (reaction (4)) and 8 in the case of AAE -(reaction (5) 
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The G-value of radical 8 is small in agreement with the following consideration. G(OH~) represents the G value for OH addition to AAE -(see next heading, eq. (9)). Therefore the difference G(OH)-G(OH -) at pH 10 which is 0.4, should be the maximum G-value for reaction (5) .
Decay of radicals (2, 4, 5 and 6)
The evidence from ESR experiments for radical 2 and from conductivity for radicals 5 and 6 allow us to propose mechanisms for their decay by H20 elimination at pH < 1 in the former and by OHelimination at pH > 7 in the latter cases. Water elimination reactions are well known and are acid and base catalyzed [29, [32] [33] [34] [35] . Conversion of radical 2 into radical 1 involves a 1,2-elimination of water (reaction (6)) as occurs with several other 1,2-dihydroxyalkyl radicals [36] . 
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Conversion of radical 4 into radical 1 involves a 1,1-elimination of water (reaction (7)). Since radical 1 in acidic medium is only observed below pH 1 water elimination occurs fast only in very acidic solutions. The formation of radical 1 in neutral and basic solution is due to OH -elimination from radical 5 or 6 (reactions (8) and (9)). Such an elimination reaction is not unusual. Elimination of OH~ has been observed in other cases [29] . The high yield of OH -(G = 5.6 ± 0.5) shows that indeed most of the -OH addition products must undergo the 0H~ elimination reaction. The rate constant for 0H~ elimination is larger than 10 5 s -1 since the conductivity increase due to OH~ production has a rise time smaller than 5 ^s. At pH > 9 radical 1 is no longer observed. The reason for this is possibly decomposition of radical 1 induced by OH -leading among others to radical 3 or by its reaction with enolate.
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